Squamous mucosal epithelial cells constitutively express calprotectin in the cytoplasm. To study how this antimicrobial protein complex confers epithelial resistance to invading bacteria, an epithelial cell line was stably transfected to express the calprotectin complex. Cells expressing calprotectin resist invasion by Listeria monocytogenes and Salmonella enterica serovar Typhimurium. Calprotectin expression was accompanied by altered actin organization, increased ␣3 integrin expression, and spreading cell morphology. In this study, we assessed whether calprotectin expression affects bacterial binding and uptake. Threefold-fewer Listeria organisms bound to the surfaces of calprotectin-expressing cells, and 10-fold fewer were localized intracellularly by immunofluorescence. Similarly, fewer Salmonella organisms bound to cells expressing calprotectin. Calprotectin-expressing and sham-transfected cells showed similar levels of expression of surface E-cadherin and intracellular adhesion molecule 1 (ICAM-1) by flow cytometry. Calprotectin-expressing transfectants expressed calprotectin on the cell surface as well as in the cytosol. In conclusion, two bacterial pathogens showed reduced binding to calprotectin-expressing epithelial cells. Calprotectin-expressing cells appeared to have internalized disproportionately fewer Listeria organisms, suggesting that reduced binding and translocation supplemented direct antimicrobial effects in calprotectin-expressing cells.
Among their functions, epithelia serve as a physical barrier to protect the connective tissue from infiltration and infection by microbes from the surface. In response to certain microbes, epithelial cells express several inflammatory cytokines and potent antimicrobial proteins, suggesting an additional role in the innate defense of the host (3, 30) . A broad-spectrum antimicrobial protein (19, 28, 29) , calprotectin is constitutively expressed in neutrophils, monocytes (8) , activated macrophages (22) , and keratinocytes (33) . Squamous mucosal epithelia constitutively express calprotectin (33) . In contrast, normal skin and other mucosal epithelia do not express calprotectin (33) . Expression of calprotectin is induced, however, in response to inflammation such as in psoriasis, lichen planus (15) , and ulcerative colitis (17) .
Calprotectin is a heterodimer of two small anionic proteins, MRP8 and MRP14, which belong to the S100 calcium-binding protein family (16) . Also described as L1 antigen, cystic fibrosis antigen, calgranulin A-calgranulin B, MRP8-MRP14, and S100A8-S100A9 (13) , several functions of calprotectin are speculated. Calprotectin in serum and body fluids is significantly increased during inflammation such as in rheumatoid arthritis and cystic fibrosis, suggesting a regulatory role in inflammatory reactions (2, 12) . Purified calprotectin inhibits cell growth and induces apoptosis in mouse and human cell lines (20, 34) . Calprotectin expression is also associated with differentiation stages of myelomonocytic and keratinocyte cell lineages (16, 23) . Finally, calprotectin may protect epithelia against infection and contribute to innate immunity, given its broad-spectrum antimicrobial effects (5) .
We developed stable mucosal epithelial cell lines expressing calprotectin which were less susceptible to invasion by pathogens, including Listeria monocytogenes and Salmonella enterica serovar Typhimurium, than sham-control transfectants (K. Nisapukultorn, K. F. Ross, and M. C. Herzberg, submitted for publication). The finding supports the role of calprotectin in innate host defense. In addition, calprotectin expression was associated with increased long actin filament formation, increased ␣3 integrin expression, and spreading cell morphology. These changes may potentially affect bacterial binding and internalization. Therefore, in this study, we determined whether calprotection expression affects bacterial binding and uptake.
MATERIALS AND METHODS
Stable epithelial cell lines expressing calprotectin. Stable KB epithelial cells expressing calprotectin (KB-MRP8/14) and KB sham-control transfectants (KB-EGFP) were generated previously (Nisapakultorn et al., submitted). Briefly, KB cells (American Type Culture Collection, ATCC CCL-17), a calprotectin-negative oral carcinoma cell line, were cotransfected with the mammalian expression vector pIRES-EGFP (Clontech, Palo Alto, Calif.), containing MRP8 and MRP14 genes and the selectable marker pSV2-neo, to generate the KB-MRP8/14 cell line. A sham-control transfectant cell line, KB-EGFP, was generated by cotransfection of insertless pIRES-EGFP and pSV2-neo. As previously determined (Nisapakultorn et al., submitted), calprotectin expression in the cytosols of transfected cells was verified both by sandwich enzyme-linked immunosorbent assay and by indirect immunofluorescence using monoclonal antibody (MAb) 27E10 (Bachem, King of Prussia, Pa.), which is specific for the MRP8-MRP14 heterodimer (4) .
Cell culture. KB-EGFP and KB-MRP8/14 cells were maintained in modified Eagle medium supplemented with 10% fetal bovine serum and 700 g of Geneticin (G418 sulfate; Mediatech, Herndon, Va.) per ml. To avoid an antimicrobial effect from Geneticin, KB transfectants were grown in medium without Geneticin for 4 days before experiments.
Bacteria. L. monocytogenes ATCC 43249 and Salmonella serovar Typhimurium ATCC 14028 were grown in brain heart infusion medium and on tryptic soy agar (Difco). Listeria cells were harvested from log-phase cultures cells were (optical density of 0.4 to 0.6 at 620 nm), and Salmonella harvested from stationary-phase cultures. Freshly harvested bacteria at the multiplicity of infection (MOI) noted below were used to infect KB transfectants.
Immunofluorescence analysis of intracellular and extracellular Listeria. Fluorescence labeling to differentiate intracellular and extracellular bacteria was performed as described previously (31) . KB-EGFP and KB-MRP8/14 (1.2 ϫ 10 5 cells) were grown overnight on gelatin-coated coverslips. The KB transfectants were infected with L. monocytogenes at an MOI of 100 for 2 h, washed twice with Dulbecco's phosphate-buffered saline (PBS), and incubated with gentamicin (100 g/ml)-containing medium for 1.5 h. The monolayers were washed again to remove nonadherent bacteria and fixed for 10 min with 4% paraformaldehyde. Extracellular Listeria cells were stained by incubation with rabbit anti-Listeria serum (dilution, 1:3,000; Biodesign, Kennebunk, Maine) for 2 h and then with goat anti-rabbit Alexa 350 (dilution, 1:100; Molecular Probes, Eugene, Oreg.) for 1 h. All antibodies were diluted in PBS containing 3% (wt/vol) bovine serum albumin. Cell monolayers were then permeabilized with 0.2% Triton X-100 for 2 min to allow staining of both intracellular and extracellular Listeria cells (total Listeria). The monolayers were washed and incubated with rabbit anti-Listeria serum (dilution, 1:3,000) for 2 h and then with goat anti-rabbit-Alexa 568 (dilution, 1:500; Molecular Probes) for 1 h. Coverslips were mounted with Fluoromount G (Southern Biotechnologies, Birmingham, Ala.) and observed with a Nikon Eclipse fluorescence microscope. Images from 20 random microscopic fields at a ϫ400 magnification were captured with a Spot camera (Diagnostic Instruments Inc., Sterling Heights, Mich.). The numbers of total Listeria organisms (Alexa 568) and extracellular Listeria organisms (Alexa 350) from the same field were counted. The number of intracellular Listeria organisms was obtained by subtracting the number of extracellular Listeria organisms (Alexa 350) from the number of total Listeria organisms (Alexa 568).
Bacterial-adhesion assay. KB-EGFP and KB-MRP8/14 cells were grown to confluence on gelatin-coated coverslips. KB transfectants were incubated with Listeria (1.2 ϫ 10 7 CFU) or Salmonella (1.2 ϫ 10 6 CFU) for 15, 30, 45, and 60 min at 37°C. Salmonella cells bound in such high numbers that a smaller input was used to permit counting with more confidence. The monolayers were washed twice with Dulbecco's PBS and fixed for 10 min with 4% paraformaldehyde. Adherent bacteria were stained with rabbit anti-Listeria (dilution, 1:3,000) or rabbit anti-Salmonella (dilution, 1:3,000; Biodesign) and then with goat antirabbit Alexa 568 (dilution, 1:500). At each time point, images from 10 random microscopic fields at a ϫ200 magnification were captured with a Spot camera (Diagnostic Instruments Inc.) and the number of adherent bacteria in each field was counted.
Flow cytometry. To obtain cells in suspension, the KB-EGFP and KB-MRP8/14 cells were removed from flasks by incubating them with 0.02% (wt/vol) EDTA for 2 min and then with 0.17% trypsin-0.02% EDTA for 1 min. The KB transfectants were washed once with wash buffer (PBS with 2% fetal bovine serum) and fixed (5 ϫ 10 5 cells in 100 l) for 10 min with 4% paraformaldehyde. Cells were then washed twice with wash buffer and incubated with 1 g of a primary antibody (mouse immunoglobulin G1 isotype control [Pharmingen, San Diego, Calif.], 27E10 MAb, anti-E-cadherin antibody [Santa Cruz Biotechnology, Santa Cruz, Calif.], or anti-intracellular adhesion molecule 1 (ICAM-1) antibody [Sigma, St. Louis, Mo.]) for 30 min at 4°C. Cells were washed and incubated with donkey anti-mouse Fab fragment conjugated with phycoerythrin (1:50 dilution; Jackson ImmunoResearch, West Grove, Pa.) for 30 min at 4°C. Cells were washed again and resuspended in 500 l of wash buffer. The labeled KB transfectants (10,000 events for each sample) were analyzed by flow cytometric analysis with a FACscan (Becton Dickinson, San Jose, Calif.).
Statistical analysis. Data are presented as means Ϯ standard deviations (SD). Statistically significant differences between KB-EGFP and KB-MRP8/14 results were determined by using a two-sample t test for intracellular and extracellular Listeria data and a two-way analysis of variance for bacterial-adhesion assay data.
RESULTS

Analysis of intracellular and extracellular Listeria associated with KB transfectants. To understand how calprotectin might promote resistance to invasion, extracellular and total
Listeria cells associated with KB transfectants were visualized and enumerated. Fivefold fewer total Listeria cells were associated with KB-MRP8/14 monolayers than with KB-EGFP monolayers (Fig. 1) . About threefold fewer Listeria cells bound extracellularly to the plasma membranes of KB-MRP8/14 than to those of KB-EGFP cells. By contrast, approximately 10-fold fewer intracellular bacteria were observed in KB-MRP8/14 than in KB-EGFP cells.
Binding of Listeria and Salmonella to KB transfectants. Listeria and Salmonella were incubated with KB transfectants for 15, 30, 45, and 60 min. After each incubation period, bacteria that bound extracellularly to KB transfectants were stained and counted. The number of Listeria and Salmonella organisms that bound to KB transfectants increased over time (Fig. 2) . At all time points, fewer Listeria and Salmonella organisms bound to KB-MRP8/14 than to KB-EGFP cells.
Expression of cell surface proteins on KB transfectants. MRP8-MRP14 complexes are expressed in the cytoplasms of KB-MRP8/14 but not KB-EGFP cells (unpublished data). We analyzed KB-MRP8/14 and KB-EGFP cells for surface expression by flow cytometry. MRP8-MRP14 complexes were expressed on the cell surfaces of about 66% of KB-MRP8/14 cells (Fig. 3A) ; no MRP8-MRP14 complexes were detected on KB-EGFP cells (Fig. 3B) .
L. monocytogenes expresses internalin, encoded by inlA, which is required for invasion into epithelial cells (10). On epithelial cells, E-cadherin serves as an internalin receptor to facilitate uptake of Listeria (18) . By flow cytometric analysis, levels of E-cadherin expression were similar on KB-EGFP and KB-MRP8/14 cells (Fig. 4) . Approximately 44% of KB-EGFP and KB-MRP8/14 cells expressed E-cadherin. ICAM-1, a prominent cell surface adhesion molecule, served as a positive control. Levels of ICAM-1 expression did not appear to differ on KB-EGFP and KB-MRP8/14 cells (Fig. 4) .
DISCUSSION
Calprotectin is a protein complex with broad-spectrum antimicrobial activity. By transfection of genes for MRP8 and MRP14 into a calprotectin-negative oral epithelial cell line, we showed that epithelial calprotectin expression reduced invasion by L. monocytogenes and Salmonella serovar Typhimurium (Nisapakultorn et al., submitted). In the present study, we further explored how calprotectin expression affected the in- Results are means Ϯ SD of bacterial counts from 20 random microscopic fields at a magnification of ϫ400. Significantly fewer total bacteria, intracellular bacteria, and extracellular bacteria associated with KB-MRP8/14 than with KB-EGFP cells. ‫,ء‬ P Ͻ 0.01.
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CALPROTECTIN INHIBITS BACTERIAL-EPITHELIAL BINDING vasion process. We showed that calprotectin expression reduced binding of L. monocytogenes and Salmonella serovar Typhimurium and that it may affect internalization of these bacteria into epithelial cells. Listeria and Salmonella exploit very different mechanisms to facilitate entry into epithelial cells (11, 18) , yet calprotectin expression reduces the binding of both species over time. While the binding proteins on epithelial cells for Salmonella are presently unknown, E-cadherin serves as a receptor for Listeria and is required for uptake into epithelial cells (10, 18) . As determined by fluorescence-activated cell sorter analysis, we showed that levels of cell surface expression of E-cadherin in KB-EGFP and KB-MRP8/14 cells were similar. ICAM-1 is an epithelial cell surface adhesion molecule and pathogen receptor for species as diverse as Plasmodium falciparum and Coxsackie viruses (1) . Expression of ICAM-1 is also unaltered. Therefore, decreased bacterial binding to KB-MRP8/14 cells is not due to changes in expression of E-cadherin or ICAM-1. Reduced bacterial binding, however, may be a result of increased expression of ␣3 integrin in cells expressing calprotectin (Nisapakultorn et al., submitted). A calprotectinassociated increase in ␣3 integrin expression may enhance intercellular junctions and attachment to the substratum (6, 7), limiting access to bacterial receptors on epithelial cells.
Calprotectin is expressed on the plasma membranes of 15 to 20% of freshly isolated neutrophils and monocytes as well as on inflamed epithelial cells in vivo (8, 27, 35) . Expressed primarily in cell cytosol, calprotectin lacks a signal peptide, Nlinked glycosylation, and membrane anchor sequences (16) . In the absence of these structural features common to exported or plasma membrane proteins, calprotectin, like other S100 proteins, can be expressed on the cell surface and released or secreted from cells (9) . In the present study, we found that approximately 66% of KB-MRP8/14 cells express calprotectin on cell surfaces. Cells in culture also release calprotectin into the medium (our unpublished observation). How calprotectin gets to the cell surface and is released is unclear. In monocytes, the release of calprotectin requires an intact microtubule network (25) . The calprotectin heterocomplex, but not the single subunits, has a high calcium-dependent affinity for arachidonic acid (14, 26) . In neutrophils, calprotectin is released in heterotypic complex with arachidonic acid (14) . If similar mecha- nisms operate in KB-MRP8/14 cells, it remains to be determined if membrane-associated or released calprotectin is directly antimicrobial and how the binding of bacteria would be affected.
Although the invasion process can be artificially divided into steps involving binding of bacteria to the cell surface and uptake of the bacteria into host cells, there is no clear distinction between each step. Some surface-bound bacteria may actually be in the process of translocating into the host cells. Hence, the reduction in the number of Listeria and Salmonella cells bound to KB-MRP8/14 cells may also reflect an effect of calprotectin on bacterial uptake. In fact, using double immunofluorescence to differentiate intracellular and extracellular bacteria, we found that almost 10-fold fewer intracellular Listeria organisms but only 3-fold fewer Listeria organism bound to KB-MRP8/14 than to KB-EGFP cells. This discrepancy suggests that (i) calprotectin expression may interfere with bacterial internalization and/or (ii) calprotectin kills or inhibits growth of intracellular bacteria. Thus, not only may calprotectin have an intracellular antimicrobial affect, as suggested by in vitro data (21, 30) , calprotectin may also interfere with internalization of bacteria into epithelial cells.
Reduced bacterial internalization may be associated with altered actin organization in calprotectin-expressing cells and interference with signal transduction by calprotection. We previously observed increased long actin filament formation in cells expressing calprotectin (Nisapakultorn et al., submitted) compared to that in sham-transfected and untransfected parental cells. During invasion by Listeria and Salmonella, host cells rapidly respond through an elevation of intracellular calcium (24, 32) . Calcium is a key secondary messenger during signal transduction. As a calcium-binding protein, calprotectin may bind free intracellular calcium and interfere with signal transduction. Hence, calprotectin expression may contribute to reduced bacterial internalization by altering actin organization and calcium-dependent signaling.
In conclusion, these data provide supporting evidence that calprotectin expression in mucosal epithelial cells may play a protective role in innate host defense. Calprotectin expression reduces epithelial invasion by pathogens, including Listeria and Salmonella. Calprotectin mediates protection against invasion in vitro by several novel mechanisms. Associated with expression, bacterial binding is reduced. It remains unclear if the effect of calprotectin is associated directly or indirectly with cell surface calprotectin. Cell surface ␣3 integrin is upregulated with calprotectin and is likely to reduce access to key receptors. Calprotectin also interferes with internalization, perhaps by modifying calcium signaling and actin organization. These mechanisms may complement antimicrobial activity of calprotectin within the cytoplasm. Based on in vitro experiments, calprotectin is a multifunctional protein employing several modes of action to contribute to innate epithelial immunity against infection.
ACKNOWLEDGMENTS
This project was supported by NIH NIDCR grants R01DE11831 and P30DE09737. K. Nisapakultorn also was supported by a scholarship from the Royal Thai Government. We appreciate the assistance with flow cytometry provided by Massimo Costalonga and with statistical analysis provided by James Hodges.
